Background: Mammographic density is a strong risk factor for breast cancer. Methods: We present a novel approach to enhance area density measures that takes advantage of the relative density of the pectoral muscle that appears in lateral mammographic views. We hypothesized that the grey scale of film mammograms is normalized to volume breast density but not pectoral density and thus pectoral density becomes an independent marker of volumetric density.
Introduction
Mammographic density, which is often quantified in terms of the ratio of the fibroglandular tissue to the total breast area in mammograms and termed as percent density (PD), has been confirmed by many studies to be one of the strongest risk factors for breast cancer in women (1, 2) . The fibroglandular (dense) tissue is visualized in mammograms as the bright area, in contrast to the darker regions of fatty, radiolucent tissue. For film mammograms, a widely used, semiautomated approach for measuring density is the software tool Cumulus (3). Cumulus is a simple tool that allows a trained reader to define the total breast area and dense breast area using 2 histogram thresholds. In recent years, a number of other algorithms for measuring PD have also been developed (4-7). However, these tools effectively operate using the same principles. Although film mammography screening has largely been replaced by full-field digital mammography, film mammography remains one of the largest resources of breast density studies because breast cancer is a latent disease and many cancer outcomes are evidenced by film mammograms dating back 15 to 20 years. Thus, the analysis of film mammograms will be critically important for the advancement of our understanding of breast cancer for the foreseeable future.
Several studies have shown that categorical scoring of mammographic density and area mammographic density measures can contribute to breast cancer risk prediction (8) (9) (10) . Yet, other studies have shown that improved risk prediction can be obtained using additional aspects of mammographic images, such as texture-based measures (11) and measuring mammographic density on a volumetric scale (12, 13) .
One way to investigate whether existing approaches to PD measurement miss relevant risk information is to assess the importance of acquisition parameters (many of which are steered by the mammographic automatic exposure control, AEC, system) for breast cancer risk, independently of the measured density. However, for film images, these parameters are often not stored or embedded in the image itself, as is the case for the images collected in the studies included in this article. Olson and colleagues (14) , however, manually extracted a selection of image acquisition parameters from film images and subsequently evaluated their association with breast cancer. They found no evidence that X-ray tube potential, Xray tube current-time, breast thickness, or compression force were associated with breast cancer status, after adjusting for PD, or that they confound the association between PD and breast cancer.
In this article, we describe a novel approach to enhance area density measures that takes advantage of the relative density of the pectoral muscle that is visible in lateral mammographic views.
Materials and Methods
On scrutinizing the digitized film images in our studies, a visible illuminance fluctuation across film mammograms was detected, which was apparent even amongst images with similar PD measurements. Some selected examples are shown in Fig. 1 . The images in the bottom row of Fig. 1 are dim (weak illuminance) as compared with the images in the top row (strong illuminance). Each column comprises 2 mammograms with similar Cumulus PD readings.
Because the exposure conditions of the breast are decided by a sensor placed under the film and in the middle of the breast tissue, the image illuminance is governed by the attenuation of the breast thickness and volumetric density, but illuminance is not associated with pectoral density. The sensor is not placed in the pectoral region. Thus, the image pixels in the pectoral muscle may be an independent monitor of exposure conditions related to the volumetric density. In short, we hypothesized that the grey scale of film mammograms is normalized to volume breast density but not pectoral density and thus pectoral density becomes an independent marker of volumetric density. Specifically, we believed that the images in the bottom row of Fig. 1 , relative to those in the top row, have high attenuation due to dense tissue thickness located toward the center of the breast, so that these images, with decreased illuminance, will have an excess breast cancer risk which is not captured by area-based PD.
To capture pectoral density, we use the mean pixel intensity in the pectoral muscle (MIP) appearing in mediolateral oblique (MLO) images and propose its use in enhancing area-based measures of mammographic density. Following our above reasoning, we expect MIP to be negatively associated with breast cancer risk. We first assessed association of the MIP with breast cancer status, adjusting for an existing area-based measure of PD, in a population-based case-control study of postmenopausal breast cancer. Owing to the (small) possibility that our results could be biased because of systematic differences in machine models/measurements between breast cancer cases and healthy controls, we subsequently assessed the association of MIP with a genetic variant established as being associated with both mammographic density and breast cancer risk. We did this first in a subset of the casecontrol data, including only those women for which genetic data are available. We subsequently replicated the association in an additional cohort of cases. Finally, we combined an existing area-based PD measure with MIP to obtain a measure of PD with the pectoral muscle as reference and assessed its performance in case-control classification. The causal relationships which we propose between the key entities studied in this article are described by Fig. 2 , in which observed quantities are contained in boxes and unobserved quantities are in ovals.
Study populations
CAHRES (CAncer and Hormone REplacement Study) is a population-based breast cancer case-control cohort which was initiated in the mid-1990s and includes approximately 6,000 women ($3,000 cases and 3,000 controls) from which area-based PD measurements of approximately 3,000 mammograms are available (4, 15) . Body mass index (BMI) was recorded at entrance to the study, whereas age was assessed according to date of mammography (15) . In this article, we include data from 2,677 women on whom complete data were available with respect to age, BMI, and area-based PD. Of these women, 1,235 had available information on the genetic variant studied in this article. Images were selected as those which were closest to (but before) date of diagnosis (for cases) or closest to date of questionnaire (for controls). The contralateral image was selected for cases, whereas for controls, side (left/right) was selected at random.
Libro-1 is a large cohort study of breast cancer cases, which comprises women in the Stockholm-Gotland region who were diagnosed with breast cancer between the years 2001-2008. The overall aim of the study is to identify prognostic factors for breast cancer. We included 2,655 women with complete data on age, BMI, area-based PD, and genotype (rs10995190). Contralateral images, closest to (before) diagnosis, were selected. All participants provided written informed consent, and the study was approved by the ethical review board at Karolinska Institutet (Stockholm, Sweden).
Established approaches to PD measurement used in this study
In both studies, the film mammograms were digitized using an Array 2905HD Laser Film Digitizer (Array Corporation Europe). Optical densities from 0 to 4.7 were converted to image grey scale values from 0 to 4,095 (i.e., a 12-bit dynamic range where 0 represents the darkest pixel value and 4,095 represent the brightest pixel value). Within each study, all mammograms were digitized in a single batch (in random order) by the same person. The method used to measure area breast density was, however, unique by study. For the CAHRES mammograms, Cumulus was used, whereas an ImageJ macroplugin (4) was used to analyze the Libro-1 mammograms. The reason for this difference is that a trained reader was not available to read the Libro-1 images.
Cumulus is the most widely used method for measurement of mammographic density in analog images and is a semiautomatic tool. The software has been widely validated on film mammograms and uses a simple thresholding mechanism. The first task for a Cumulus user is to manually trace and remove the pectoral muscle. The reader subsequently uses sliders to perform global (breast region) and then local (dense region) interactive thresholding. A trained reader carried out the Cumulus measurements for the 2677 CAHRES images included here, blinded to case-control status and to tumor characteristics.
The ImageJ macro-plugin used to measure area density in Libro-1 images has been described fully by Li and colleagues (4) . In brief, the macro-plugin calculates features derived from area measurements, intensity measurements, shape descriptors, and other statistical metrics under different threshold methods. The algorithm was trained against Cumulus measurements and is viewed as mimicking Cumulus.
Genetic data
Genotype data for a common SNP, rs10995190, in the gene ZNF365, confirmed to be associated with both mammographic density (P ¼ Research.
on June 15, 2017. © 2014 American Association for Cancer cebp.aacrjournals.org Downloaded from on a custom Illumina iSelect genotyping array (iCOGS) designed for replication and fine mapping of common and rare variants with relevance to breast, ovary, and prostate cancer, which has been used for both studies (17) .
Mean intensity of the pectoral muscle
Two measures of MIP were defined, one from an automatic algorithm and the other from the manually outlined (Cumulus) pectoral muscle. The automatic method was used on all study images (CAHRES and Libro-1). Automatic detection of the pectoral muscle (from which the mean pixel intensity was measured) from mammographic images uses a segmentation method described generically (18) , which has been extended successfully to segment regions of interest in mammographic images, as described in detail (Cheddad and colleagues, unpublished observations). Because segmentation of the pectoral muscle is fully automated in this approach, mal-segmentation (e.g., missing the pectoral muscle's true boundary) of the pectoral muscle could occur. For a subset of the CAHRES images (1,725 of the 2,677 images), it was, however, also possible to retrieve the locations (x, y coordinates) of the manually (Cumulus-reader) outlined pectoral muscles, from which we derived alternative "manual" MIP measurements. We compared automatic and manual MIP measurements to validate the robustness of the automatic approach. The automatic approach is used throughout the article except when explicitly stated otherwise.
Statistical methods
For the case-control study of postmenopausal breast cancer, CAHRES, we first evaluated the association of MIP with case-control status using unconditional logistic regression (case-control status as dependent variable and MIP as the independent variable), adjusting for PD, age, and BMI. PD was square-root-transformed and MIP was transformed using a Box-Cox transformation (power ¼ 4.9), before analysis. We subsequently repeated the analysis but additionally adjusting for a number of other potential confounders, namely, hormone replacement therapy (HRT), parity, and age at first birth. In a yet further analysis, we adjusted for county of residence and date of mammogram. We fitted linear regression models with MIP as outcome variable and included a variety of variables as covariates to learn about the mechanisms behind our measure of pectoral muscle density. We then carried out regression analyses based on the subset of images for which the manual measure of MIP, based on manual identification of the pectoral muscle, was available (using both measures of MIP, separately). For this subset, we also evaluated the Pearson coefficient of correlation between the 2 MIP measures.
To evaluate the association between MIP with genotypes of the SNP rs10995190, we fitted linear regression models using PD and MIP as outcome variables and carried out Wald tests. Regression models were fitted first to both data sets CAHRES and Libro-1, separately. The variables, age, BMI, and rs10995190 genotype (coded 0/ 1/2, treated as a continuous variable), were treated as covariates in initial analyses and other covariates were also included in additional analyses. We also analyzed data from the 2 studies jointly and additionally included study indicator (CAHRES/Libro-1) as a covariate. For MIP as an outcome variable, we repeated the analysis additionally adjusting for the square-root of PD as a covariate.
Finally, we evaluated a measure of mammographic density, calculated as a weighted sum of PD 0.5 and MIP 4.9 in case-control classification (using CAHRES images). The measure represents an enhancement of PD from using the pectoral muscle, which we call PD with the pectoral muscle as reference (PDP). To enable a fair comparison of PDP with PD, the weights of PDP are derived from the results of the genetic association analysis. We performed a grid search to find the optimal value of D in
with the optimal value of D being defined as that which resulted in the strongest association with rs10995190, measured in terms of a Wald test statistic assessing the association between PDP and rs10995190 in a regression analysis (with PDP as outcome and adjusted for age and BMI). We then used the optimal value of D (¼ À13.7) to evaluate the performance of PDP in classification of cases and controls using CAHRES. We used only Libro-1 images to estimate D so that a separate set of images were used for "training" and "testing." We compared PDP and PD by assessing the quality of different linear regression models for breast cancer status, first, in terms of the Akaike information criterion (AIC) and, second, in terms of area under the receiver operating characteristic curve (AUC) using DeLong test for 2 correlated receiver operator characteristic (ROC) curves. R (version 2.13.0) was used for data management, statistical analyses, and graphics (19) . Box-Cox transformations were applied using the R package MASS (20) , and the R package pROC (21) was used to calculate and compare AUCs. All reported tests are 2-sided.
Results
Key characteristics of cases and controls included in our association analysis of breast cancer risk are described in Table 1 . MIP was found to be significantly associated (P ¼ 6 Â 10
À7
) with breast cancer status after adjusting for age, BMI, and PD ( Table 2 ). The SD of MIP (transformed) was 0.105 (mean ¼ 0.336) which, in combination with the regression coefficient of À1.932, means that an increase of 1 SD in MIP is estimated to be associated with a 23% increase in the odds of having breast cancer. On the basis of the same model, an increase of 1 SD in PD (transformed) was estimated to be associated with a 40% increase in odds. Fitting the same model but with PD and MIP untransformed yielded a similar result (coefficient for PD ¼ 0.201, P ¼ 9 Â 10
À11
; coefficient for MIP ¼ À3.389, P ¼ 2 Â 10 status remained strongly significant after additionally adjusting for HRT use, parity, and age at first birth, even though the sample size was reduced because of missingness on these variables (Table 2) . We also retrieved information on county of residence (there are 21 counties in Sweden) and year of mammogram and additionally Using the same data set, we also studied the relationships between MIP, mammographic density, age, and BMI. MIP was observed to be negatively associated with PD (r ¼ À0.14, P ¼ 2 Â 10
À5
). This association remained strongly significant after adjusting for age and BMI (P ¼ 1 Â 10
À6
). We subsequently separated PD into its 2 constituent components, dense area and breast area, and fitted regression models using MIP as an outcome variable (Table 3) . From fitting a model with dense area and breast area as covariates, we found that MIP is strongly inversely associated with dense area but is not associated with breast area (after adjusting for dense area). We then fitted a model with age, BMI, and dense area included as covariates and found that the coefficient for age was negative, whereas for BMI, it was positive (Table 3) . We note that dense area was strongly, negatively associated with BMI (r ¼ À0.16, P ¼ 4 Â 10 À17 ). For the subset of 1,725 individuals for which it was possible to trace pectoral muscle segmentation as defined manually (i.e., from Cumulus software), logistic regression models were fitted with both automatic and manual MIP variables (separately) as covariates so the performances of the 2 variables could be compared. P values from Wald tests assessing the association with case-control status were identical to 3 decimal places for the 2 measures of MIP (P ¼ 0.003 in both cases). The 2 measures were correlated with a Pearson coefficient of r ¼ 0.90. Taken together, these results confirm that the automatic extraction of MIP is robust.
We next evaluated the association between MIP and rs10995190 in CAHRES women for which genotype data were available. Key characteristics of the dataset are described in Table 4 . The P value from a Wald test of association between MIP and rs10995190, adjusting for age and BMI, was 0.0220 (Table 4 ). The association of the genetic variant with the square-root of PD was also evaluated (P value for association with rs10995190 was Research.
on June 15, 2017. © 2014 American Association for Cancer cebp.aacrjournals.org Downloaded from 0.0482). We then evaluated the association between MIP and rs10995190, adjusting for PD (P ¼ 0.0344). After additionally adjusting for HRT use, parity, and age at first birth, the association was still significant even though the size of the data was reduced because of missing values on these variables. For replication of our results, we carried out the same analyses in the cohort of breast cancer cases, Libro-1. Key characteristics of the dataset are described in Table 4 . P values corresponding to those reported above for CAHRES were obtained as 0.0006, 0.0005, and 0.0081 (Table 5) . In a joint analysis (i.e., using all analog images from CAHRES and Libro-1 and including study indicator as an additional covariate), a P value of 0.0002 was obtained (2 Â 10 À5 , unadjusted for PD) when testing for association between MIP and rs10995190, adjusting for age and BMI (Table 5) . According to this model, each copy of the rare allele was associated with an increased MIP (an increase of 0.011 on the transformed MIP variable). From fitting a model with PD as outcome variable, we estimated that each copy of the rare allele was associated with a decreased PD (a decrease of 0.165 on the square-root scale).
Finally, we assessed the performance of our PDP measure (PD with reference to the pectoral muscle) in casecontrol classification (see Statistical methods). In terms of AIC values, the model with PDP (row 3, Table 6 ) outperformed that with only PD (row 2, Table 6 ). An increase of 1 SD in PDP was estimated to be associated with a 49% increase in the odds of having breast cancer. The point estimates of AUC, from using age, BMI, and PD, and age, BMI, and PDP were 0.600 and 0.618, respectively. To compare these AUCs, we used DeLong test for 2 correlated ROC curves and obtained a P value of 0.014.
Discussion
This article proposes the use of a novel measure for MLO view mammographic images, the MIP, which can be used to enhance existing measures of mammographic density. Results presented here demonstrate that MIP is associated with breast cancer risk and with a mammographic density SNP, rs10995190 (ZNF365), after adjusting for a standard measure of area PD. By calculating AUC values, we have also shown that using a weighted sum of PD and MIP offers improvements over using PD alone, for discriminating between breast cancer cases and controls. Both AUCs may be overestimated, as the risk prediction models are constructed and evaluated on the same dataset. However, as PDP is defined externally ("trained" from the genetic association analysis of Libro-1), the comparison of the 2 models is a fair one. We estimated that an increase of 1 SD in PD is associated with a 40% increase in odds of having breast cancer, whereas an increase of 1 SD in PDP was estimated to be associated with a 49% increase in the odds of having breast cancer. In the genetic association analysis, MIP, on its own, was found to be more significantly associated with rs10995190 than was PD alone. Inclusion of the analysis of association between MIP and the genetic variant is a strength of our study because case-control association analysis of mammographic images is theoretically susceptible to bias, if there are differences in mammography machines used between cases and controls. That stated we are not aware of any important differences in mammography machines or in the digitization of images between cases and controls in CAHRES.
If the associations of MIP with breast cancer risk and the mammographic density genetic variant represent effects of unmeasured and relevant association of PD, then this means that previous studies based on PD can have underestimated the value of mammographic density in breast cancer risk prediction. The associations reported here therefore need to be validated on additional datasets. More research is also needed to find an optimal approach for combining area-based PD and MIP.
To our knowledge, the association of MIP with breast cancer risk has not been previously studied. Previous studies of mammographic density and risk/genetic association have either been based on cranio-caudal (CC) views or, in studies of MLO images, the pectoral muscle has been removed before analysis.
The across-image variability in illuminance, captured by MIP, is likely to relate to the AEC system's calibration mechanism, which detects the amount of radiation reaching a detector through a central region in the breast to provide an optimal film exposure with the midpoint of the film's linear response range fixed on the average density. The mechanism limits the exposure while producing a useful image and is dependent upon the breast composition, breast size, and sensor placement(s) (14) . This means that the variation in illuminance of the images is related to variation in the amount of density throughout the thickness of the breast (volumetric density). The observed negative association between MIP and breast cancer risk is consistent with our hypothesis that images with decreased illuminance (high attenuation) have an excess breast cancer risk, which is not captured by measures of area-based PD. The fact that MIP is not independent of area-based PD given BMI and age, in our data, is also consistent with our explanation of why MIP is associated with breast cancer risk and a mammographic density genetic variant. The fact that MIP is associated with PD through its strong (negative) association with dense area but is not (after adjustment of dense area) associated with breast area lends even further credibility to our hypothesis that it is thickness of the dense tissue that drives the illuminance of the images. The observed negative association between age and MIP is likely to result from the fact that volume of dense tissue decreases with age. We postulate that BMI is positively associated with MIP because of the strong negative association between volume of dense tissue/dense area and BMI. Following this line of argument, we would expect that MIP is positively associated with compressed breast thickness (breast thickness was not recorded for images studied here). The results reported here could therefore be viewed as being inconsistent with those reported by Olson and colleagues (14) , concerning the importance of the acquisition/machine calibration parameters for discriminating between breast cancer cases and controls independently of area-based density. We note however that the study of Olson and colleagues (14) was likely to be underpowered as it included only 254 breast cancer cases.
There are other possible explanations of why MIP is associated with breast cancer risk. It is possible that the association between MIP and breast cancer risk/mammographic density SNP is, at least partly, due to MIP capturing aspects of mammographic density other than a "residual" amount of density. We believe, however, that such an effect is, at strongest, negligible due to the simple nature of the MIP measure. Another possibility is that MIP simply "corrects" an area-based measurement of PD, which is distorted by variation in illuminance. Given the magnitude of the observed association, we find this also unlikely, and furthermore, the brightness of the image should not influence PD measurement from a trained Cumulus reader. A final possible explanation is that pectoral muscle density is a direct risk factor for breast cancer, as it is for fracture risk, another estrogen and age-related outcome (22) . We consider this unconvincing, particularly given that MIP is associated with a mammographic density genetic variant.
Several researchers (4, 11, (23) (24) (25) (26) (27) (28) (29) have found textural/ statistical features of film mammographic images to aid discrimination between breast cancer cases and controls. H€ aberle and colleagues (23) noted however that variability in imaging techniques and in standardization of the digitization process may have led to results which are highly specific to their study. We are currently studying the relationships between our novel measure and standard statistical/textural features of images and assessing how much of the association between textural/statistical features and breast cancer status/genotype are explained by the optical effect we report here. Results will be described in a separate article.
In summary, the results presented in this article lead us to suggest that our novel measure of mammographic density will offer improvements to breast cancer risk prediction models using area density and aid in genetic association analyses based on digitized film images.
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